A high proportion of Micrococcus luteus cells in cultures which had been starved for 3 to 6 months lost the ability to grow and form colonies on agar plates but could be resuscitated from their dormancy by incubation in an appropriate liquid medium (A. S. Kaprelyants and D. B. Kell, Appl. Environ. Microbiol. 59:3187-3196, 1993). In the present work, such cultures were studied by both flow cytometry and conventional microbiological methods and were found to contain various numbers of viable cells. Pretreatment of such cultures with penicillin G, and subsequent dilution, was used to vary this number. When the initial number of colony-forming cells per 30-ml flask was approximately nine (±five) or more, resuscitation of 10 to 40% of the cells, and thus culture growth, was observed. The lag period before the appearance of a population of cells showing significant accumulation of the fluorescent dye rhodamine 123 (i.e., of cells with measurable membrane energization) decreased from 70 to 27 h when the number of viable cells was increased from 30 to 105 per flask, while the lag period before an observable increase in the number of colony-forming cells occurred was almost constant (at some 20 h). Provided there were more than nine (+five) initially viable cells per flask, the number of initially viable cells did not affect the final percentage of resuscitable cells in the culture. The lag period could be ascribed in part to the time taken to restore the membrane permeability barrier of starved cells during resuscitation, as revealed by flow cytometric assessment of the uptake of the normally membrane-impermeant fluorescent DNA stain PO-PRO-3 {4-[3-methyl-2,3-dihydro-(benzo-1,3-oxazole)-2-methylidene]-1-(3'-trimethylammonium propyl)-pyridinium diiodide}. Although cell populations which contained fewer than nine ±five viable cells per flask failed to grow, 4 to 20% of the cells (of 1.2 x 106) were able to accumulate rhodamine 123 after 80 to 100 h of incubation, showing the ability of a significant number of the cells in the population at least to display "metabolic resuscitation." Resuscitation and cell growth under such conditions were favored by the use of a 1:1 mixture of fresh lactate medium and supernatant from late-logarithmic-phase M. luteus cultures as the resuscitation medium. We conclude that the presence of a small fraction of viable cells at the onset of resuscitation facilitates the recovery of the majority of the remaining (dormant) cells. The cell density dependence of the kinetics, or population effect, suggests that this recovery is due to the excretion of some factor(s) which promoted the transition of cells from a state in which they are incapable of growth and division to one in which they are capable of colony formation.
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One may define (bacterial) dormancy as "a reversible state of low metabolic activity, in which cells can persist for extended periods without division" (16) , and we have recently reported that cells of the nonsporulating gram-positive coccus Micrococcus luteus can indeed persist in a dormant state during prolonged incubation in spent growth medium for a lengthy stationary phase following batch growth (16, 18, 19) . Two other groups of nonsporulating bacteria may be considered potentially dormant, viz., the so-called -viable but nonculturable forms (26, 33) and (at least some of) the ultramicrobacteria (25) found in natural water habitants. For each of these cases (including ours), a characteristic property of these forms is their inability to produce colonies when plated directly onto solid agar media (for a review, see reference 16) , and it has been suggested that dormant cells can be converted to normal, colony-forming bacteria following a special resuscitation procedure involving precultivation in liquid media (1, 16, 18, 23) .
However, given the imperfect precision of total-cell-count measurements, such studies are always potentially subject to the criticism that an increase in the viable-cell count at a nominally constant total cell count may be due not to resuscitation but to the possible multiplication during the resuscitation period of a small number of cells which were viable from the beginning (24, 32, 40) . Nonetheless, using flow cytometry with appropriate fluorescent probes and suitable conditions of incubation, we found that these difficulties can be overcome so that neither the rate, the extent, nor the physiological character of the resuscitation observed could be accounted for in terms of the ongrowth of initially viable cells. Under our conditions, at least 50% of M. luteus cells in 3-month-old populations could be resuscitated, and hence those cells were dormant (18) . However, older cultures in which the initial number of colony-forming cells was statistically indistinguishable from zero demonstrated only 'metabolic resuscitation" (the appearance of membrane energization) and not growth (18) .
By exploiting the most-probable-number approach and by resuscitating cells in media which contained (statistically) no initially viable cells but which were fortified with sterile (filtered) supernatant from the late logarithmic phase of batch growth, we showed that growing cultures could produce a resuscitation-promoting factor which could promote the resuscitation of dormant cells (20) did not contribute to the increase in viable-cell counts observed during resuscitation by dividing, the question of whether they may have promoted the resuscitation of the other, dormant cells by excreting such a factor or factors arose. Indeed, a correlation of the initial cell density with the ability of starved copiotrophic bacteria to survive (as judged by viable-cell-count methods), known as the population effect, has long been established (10, 28, 29, 38, 39) . We therefore studied the resuscitation of starved and mainly dormant cultures in which the concentrations of viable cells present prior to the resuscitation were varied. We found that the lag before the cells observably began to resuscitate depended significantly on the initial size of the population of viable cells, with kinetics consistent with the view that such initially viable cells did indeed secrete a dormancy-breaking or resuscitation-promoting factor. In addition, we showed that the lag periods could be ascribed at least in part to the time taken to restore the membrane permeability barrier of starved cells during resuscitation, as revealed by flow cytometric assessment of the uptake of the normally membrane-impermeant fluorescent
MATERUILS AND METHODS Organism and media. M. luteus NCIMB 13267 (previously described as Fleming strain 2665) was grown aerobically at 30°C in shake flasks (30-ml medium volume) in a lactate minimal medium containing L-lactate, exactly as described previously (17 560 nm; emission, >580 nm) was used. The photomultiplier tube voltages were 400 V for the forward light scattering channel and approximately 600 V for the fluorescence channel. To ensure probe equilibration with the target, at least three passages of the sample through the instrument were done for each measurement. All samples were carefully dispersed before flow cytometry by repeated extrusion through a 0.4-mmdiameter hypodermic needle to eliminate clumps of organisms.
CFU and total cell counts. The number of viable cells (CFU) was estimated by plating cells on agar plates containing Nutrient Broth E (Lab M) and 1.5% (wt/vol) purified agar (Lab M no. 1) as previously described (17) . Total cell counts of unstained cells were performed with a phase-contrast microscope and a modified Neubauer counting chamber. In experiments with low cell concentrations (<5.107 ml-1), total cell counts were performed in the flow cytometer with a diluted sample of M. luteus cells of known cell concentration as a reference. To obtain total cell counts during the resuscitation experiments, samples were collected and immediately frozen at -20°C; the total count was then performed by flow cytometry for all the samples seriatim on the same day.
Chemicals the initial concentration of viable cells was 4/ml (120 per flask). There are discernible lag periods both between the onset of incubation and the beginning of the increase in viable-cell count (20 h, defined as the time point at which the viable-cell count has increased by at least 20%) and between the onset of incubation and the beginning of a noticeable increase in the percentage of Rh123-accumulating cells (55 h, defined as the time point at which >0.5% of the objects observed in the flow cytometer accumulate Rh123 to a level giving a fluorescence signal above channel 65). Both lag periods so defined depended on the initial concentration of viable cells (Fig. 2) . However, while the lag time for the appearance of rhodamineaccumulating cells continued to decrease as the viable-cell concentrations was increased from 30 to 105 per flask, the lag time before the appearance of viable cells remained essentially constant. For all the initial viable-cell concentrations tested (except the highest), there was a plateau region in the viablecell count following its initial increase (this occurred at 40 to 55 h in the experiment whose results are shown in Fig. 1 ), as well as a difference in viability as measured by plating and as assessed from rhodamine accumulation by flow cytometry between 60 and 75 h (Fig. 1) .
The colonies which appeared on plates from samples taken after 20 h of resuscitation included both early, large colonies (visible after a 4-day incubation of the plates) and late, small colonies (with a diameter of <1 mm and visible after a further 4 to 10 days of incubation). It is worth noting that the ratio of the different colonies which could be observed on the same plate was a function of the time of resuscitation. Figure 3 shows that the maximum percentage of small colonies was registered after 50 to 70 h of incubation in the experiment for which the results are shown in Fig. 1 .
The decrease of the inoculum size to below 30 viable cells per flask led to a significant increase in the lag periods (Fig. 2) , while a further decrease of the concentration of initially viable cells in the inoculum below a threshold resulted in the absence of colonies on plates from samples taken from cultures which were incubated for up to 180 h. This threshold number was six viable cells per flask in the experiment for which the results are shown in Fig. 1 , statistically nine ± five (mean ± standard deviation) in 12 experiments. However, under these conditions, flow cytometry revealed a transient increase in the percentage of cells able to accumulate Rh123 (Fig. 4 and 5 (Fig. 6 ) was again found.
Membrane permeability barrier in individual cells during resuscitation. To clarify the possible reasons for the existence of lag phases during cell resuscitation, as observed, for instance, in the results shown in Fig. 1 and 2 of the permeability barrier represented by the cytoplasmic membrane in starved M. luteus cells before and during resuscitation. To this end, we used the recently developed probe PO-PRO-3, which fluoresces significantly only after binding to DNA (i.e., inside the cell). Moreover, this probe is considered membrane impermeant (11) . Indeed, the use of PO-PRO-3 at concentrations of up to 80 ,uM did not result in the appearance of fluorescent staining in freshly grown cells of M. luteus as judged by flow cytometry (Fig. 7) , while the concurrent addition of octanol (which is an excellent membrane-permeabilizing agent) (5, 37) included significant fluorescence in almost 80% of the particles in the population (Fig. 7) . In contrast to cells from freshly grown cultures, M luteus cells starved for 5 to 6 months were well stained by PO-PRO-3, indicating the existence of a damaged permeability barrier in at least 80% of the population (Fig. 7 and 8 ). We further found that the distribution of cellular properties as judged by flow cytometry was not changed upon increase of the time of incubation with the probe or upon variation in the cell concentration (data not shown). In further experiments, we used PO-PRO-3 under standard conditions to monitor the state of the permeability barrier during cell resuscitation (see Materials and Methods). Figure 9 shows that starved cells were still leaky after 22 h of incubation with penicillin G (which represents the zero time of resuscitation); however, after the first 20 to 40 h of incubation in resuscitation medium, the percentage of stainable cells decreased to <20 to 40% (in five different experiments) and remained at this level during further incubation.
DISCUSSION
In the present resuscitation experiments, we used an inoculum containing a much lower concentration of starved bacteria after penicillin G pretreatment than those described previously (18) . Notwithstanding this difference, the shapes of the curves shown in Fig. 1 were similar to those previously obtained with a higher initial cell concentration (18) population had a damaged barrier before resuscitation ( Fig. 8  and 9 ). This cell number was likely underestimated (i.e., the real percentage of damaged cells is close to 100%), since octanol administration did not increase the percentage of "cells" stainable by PO-PRO-3 to above 80%. In this case, this margin probably reflected the heterogeneity of the cells in the culture with respect to their DNA content (18) (or, more accurately, the heterogeneity of the particles capable of scattering light and on which the flow cytometer was gated). Evidently, a cell which is to be resuscitated must repair its membrane permeability barrier first. In this regard, flow cytometry showed that in the first 20 to 30 h of resuscitation (well before Rh123 accumulation by the cells was observable), the fraction of cells which had repaired their permeability barrier increased to up to 50 to 70%. (A similar restoration of the barrier properties of the membrane has been found in bacteria cultivated in fresh medium after freeze-thawing and other stresses [13, 31] .) While the repair and possession of an intact membrane are presumably conditions that are necessary for a cell to resuscitate and subsequently to grow under these conditions (8), they are not sufficient ones, in that the maximum percentage of resuscitable cells in the cultures used in this study was estimated (from nine experiments) to be 10 to 20% (from viable-cell counts) or 20 to 40% (from rhodamine accumulation by flow cytometry). These estimations were carried out according to the method elaborated previously (18) and were taken from the viability and Rh123 accumulation curves (Fig. 1) , which were based on the maximum viability as determined by plate counting or by the percentage of Rh123-accumulating cells under conditions of a constant total count of cells during the resuscitation (before 79 h for Fig. 1) .
Summarizing, we suggest that the following sequence of events occurs during the resuscitation of cultures under conditions similar to those used for the experiment for which the results are shown in Fig. 1 (20) . Usage of this approach in the present study indeed resulted in the successful resuscitation of cultures with a concentration of viable cells less than the critical number and in a substantial shortening of the lag prior to observable Rh123 accumulation (Fig. 6) .
We believe that these findings, taken together, may help to explain some of the difficulties and controversial published results obtained in experiments on resuscitation in which the initial numbers of viable cells in a population which may actually promote the resuscitation of dormant cells were different (1, 4, 23, 24, 32, 40) . The existence of a population effect for the survival of starved bacterial cells and of cells suffering other stresses has long been established (10, 28, 29, 38, 39) , while cognate phenomena of dormancy and of the social control of cell survival are now being detailed even for higher eukaryotic cells (for example, see references 30, 35, 36, 41, 43, and 44) . Finally, an increasing number of cases in which small diffusible signal molecules of a known structure can mediate a variety of cell density-dependent biochemical changes in prokaryotes are now being recognized (2, 3, 7, 12, 14, 15, 22, 27, 34, 42, 45) ; it is clear that further progress in the characterization of the properties of bacterial dormancybreaking factors must include their chemical identification.
